Genetic recombination increases diversity in HIV-1 populations, thereby allowing variants to escape from host immunity or antiviral therapies. In addition to the currently described nine subtypes of HIV-1, many of the circulating strains are intersubtype recombinants. In this study, we determined the recombination rate between two HIV-1 subtype C viruses and between a subtype B virus and a subtype C virus during a single round of virus replication. Although HIV-1 subtype C recombines at a high rate, similar to that of HIV-1 subtype B, the recombination rate between a subtype B virus and a subtype C virus is much lower than the intrasubtype recombination rate. A 3-nt sequence difference in the dimerization initiation signal (DIS) region between HIV-1 subtypes B and C accounts for most of the reduction of intersubtype recombination. By matching the DIS sequences, the B͞C intersubtype recombination rate was elevated 4-fold; by introducing mismatches in the 3-nt sequences, the B͞B intrasubtype recombination rate was reduced 4-fold. Further analyses showed that the intermolecular template-switching frequency was unaffected by the sequence identity of the DIS region. These results support the hypothesis that mismatched sequences in the DIS region alter the formation of heterozygous virions, thereby lowering the observable recombination rate. Here, we present the discovery of a major restriction in HIV-1 intersubtype recombination. These results have important implications for virus evolution, the mechanism of HIV-1 RNA packaging, high negative interference in recombination, and the generation of circulating intersubtype recombinants within the infected population.
Genetic recombination increases diversity in HIV-1 populations, thereby allowing variants to escape from host immunity or antiviral therapies. In addition to the currently described nine subtypes of HIV-1, many of the circulating strains are intersubtype recombinants. In this study, we determined the recombination rate between two HIV-1 subtype C viruses and between a subtype B virus and a subtype C virus during a single round of virus replication. Although HIV-1 subtype C recombines at a high rate, similar to that of HIV-1 subtype B, the recombination rate between a subtype B virus and a subtype C virus is much lower than the intrasubtype recombination rate. A 3-nt sequence difference in the dimerization initiation signal (DIS) region between HIV-1 subtypes B and C accounts for most of the reduction of intersubtype recombination. By matching the DIS sequences, the B͞C intersubtype recombination rate was elevated 4-fold; by introducing mismatches in the 3-nt sequences, the B͞B intrasubtype recombination rate was reduced 4-fold. Further analyses showed that the intermolecular template-switching frequency was unaffected by the sequence identity of the DIS region. These results support the hypothesis that mismatched sequences in the DIS region alter the formation of heterozygous virions, thereby lowering the observable recombination rate. Here, we present the discovery of a major restriction in HIV-1 intersubtype recombination. These results have important implications for virus evolution, the mechanism of HIV-1 RNA packaging, high negative interference in recombination, and the generation of circulating intersubtype recombinants within the infected population.
subtype ͉ RNA dimerization O ne of the hallmarks of HIV-1 is its high genetic variability, which is demonstrated by the large number of variants circulating in the human population (1) . HIV-1 consists of three phylogenetically distinct groups: M, O, and N (2) . Among the three HIV-1 groups, group M dominates the global epidemic with at least nine subtypes, 16 circulating recombinant forms, and other strains that are currently being identified (1) . (Additional information on recombinant forms is available at www. hiv.lanl.gov.) The most studied form of HIV-1 is subtype B, which circulates predominantly in the North and South Americas, Western Europe, Australia, and Japan (3, 4) . The most prevalent HIV-1 subtype in the global epidemic, however, is subtype C, which is particularly dominant in Ethiopia (5), South Africa (6), Tanzania (7), China (8, 9) , and India (10) .
Genetic recombination is one of the mechanisms that generates the rapid diversification of HIV-1 populations by reassorting mutations generated by reverse transcriptase (RT) (11) (12) (13) (14) (15) . Recombination among genetically distinct strains and between subtypes of HIV-1 is being identified with increasing frequency in the global epidemic (4, 16) . HIV-1 recombinants were estimated to contribute to 10-40% and 10-30% of the infections in Africa and Asia, respectively (4). Many of the intersubtype recombinants circulate with high prevalence in certain geographic regions, such as A͞E recombinants in Thailand and B͞C recombinants in parts of Southeast Asia and China (17) (18) (19) .
Frequent retroviral recombination occurs during reverse transcription (20) . Although recombination could occur during infection of all retroviral particles, only virions that contain two RNAs encoding different genetic information could generate a genotypically different recombinant (20) . Therefore, in order for HIV-1 intersubtype recombination to occur, the RNAs of the two subtypes of viruses must be copackaged into the same virion and recombination must occur during reverse transcription. We and others (13) (14) (15) (21) (22) (23) (24) (25) have examined HIV-1 recombination with subtype B-based vectors. Although there is ample evidence among the circulating variants (1) and cell culture experiments (26, 27) to indicate that intersubtype recombination could occur, very little is known about the rates and limitations of recombination between different HIV-1 subtypes. We sought to determine whether there are barriers to HIV-1 intersubtype recombination and to define such barriers if they exist. In this study, we examined the recombination potential between HIV-1 subtypes B and C and found that these recombination events occur at a much lower rate than those from two subtype B (24) or two subtype C viruses. We further delineated the cause of lower intersubtype recombination rates and found that sequence differences in a region proposed to be important to RNA dimerization is primarily responsible for the lower rate. These findings reveal a major restriction to intersubtype recombination and have significant implications for the evolution of the viral populations.
Materials and Methods
Plasmid Constructions. Subtype C-based vectors were derived from pMJ4, which contains the full-length, infectious HIV-1 subtype C molecular clone (28) and was obtained from the National Institutes of Health AIDS Research and Reference Reagent Program. To facilitate cloning, an NdeI site and an XhoI site in the pMJ4 plasmid backbone were eliminated and an XhoI site was added in nef by standard cloning procedures to generate pSMC-C-KONX.NX. For clarity, pON-H0 and pON-T6 (24) are referred to here as pBH0 and pBT6, respectively. The NdeI-toXhoI fragment from pBH0 or pBT6 was inserted into NdeIand-XhoI-digested pSMC-C-KONX.NX to generate pCH0 or pCT6, respectively.
Chimeric vectors were constructed based on pHIV-BH0, which is identical to pBH0 except for a 1-kb deletion in the f lanking host genome of the plasmid backbone. Plasmid pBH0.Cp-3Cgag was constructed by replacing the SfoI-to-SpeI fragment of pHIV-BH0 with that of pMJ4. Overlapping PCR was used to generate SfoI-to-SpeI DNA fragments that contained hybrid sequences, which replaced their counterparts in pHI V-BH0 to generate pBH0.Cp-3, pBH0.Cgag, and pBH0.Cdis. The general structures of all constructed plasmids were mapped by restriction enzyme digestions, whereas regions that had undergone PCR were characterized by DNA sequencing to ensure the absence of inadvertent mutations.
Recombination Assay. Hut͞CCR5 and 293T cells were maintained as described in ref. 24 . To detect marker expression, we stained cells with phycoerythrin-and allophycocyanin-conjugated monoclonal antibodies (BD Biosciences, Franklin Lakes, NJ, or eBioscience, San Diego). Cell sorting was performed by using a FACSVantage SE system with the FACSDiVi Digital option (BD Biosciences). For the recombination assay, virus producer cell lines were transfected with pIIINL(AD8) and pCMVdgag, which expresses subtype B HIV-1 env and accessory genes, respectively (24, 29) . Viruses harvested from these cells were used to infect Hut͞CCR5 cells; the infected cells were then analyzed by flow cytometry on a FACSCalibur system (BD Biosciences).
Results

HIV-1 B͞C Intersubtype Recombination Rate in T Cells.
We used a flow cytometry-based system to determine the recombination rates between HIV-1 subtype B and subtype C viruses. The structures of the two parental vectors (pBT6 and pCH0) are shown in Fig.  1a . One of the vectors, pBT6 (24) , is a subtype B-, NL43-based vector that contains most of the viral genome with inactivating deletions in vif, vpr, vpu, and env. Additionally, two markers were inserted into the nef reading frame: a functional mouse thy-1.2 gene (thy) and a mutated, nonfunctional gfp gene that contains an inactivating mutation 603 bp downstream of the start codon (24) . The other vector, pCH0, is a subtype C-based vector that has a general structure similar to that of pBT6, with the two long terminal repeats, 5Ј UTR, gag-pol, and the majority of nef, derived from subtype C sequences. Additionally, pCH0 encodes the mouse heat-stable antigen (HSA) gene hsa instead of thy, and the inactivating mutation in gfp is located 15 bp downstream of the start codon (24) . The distance between the two inactivating mutations in gfp is 588 bp.
To perform the recombination assay, we first generated virus producer cells containing the two parental vectors by sequentially infecting 293T cells at a low multiplicity of infection (moi; 0.05-0.1) to avoid the presence of multiple proviruses derived from the same vector in a single cell. These cells were then sorted so that each producer cell line had Ͼ90% of the cells expressing both vectors (via HSA and Thy expression) and consisted of Ͼ10 5 independently infected cells. To measure the recombination rate, we transfected two helper plasmids expressing HIV-1 Env and all of the HIV-1 accessory proteins into producer cells (Fig. 1b) . The resulting viruses were used to infect the human T cell line Hut͞CCR5, which was then processed and analyzed by flow cytometry. Cells infected by the vector viruses would express HSA or Thy; however, cells infected by either parental virus would not express GFP (GFP Ϫ ) because both vectors encode inactivated gfp. Cells expressing GFP (GFP ϩ ) would come from infection by recombinant proviruses that had reconstituted the functional gfp during reverse transcription. Because the virus producer cells do not have CD4 and the vectors do not encode Env, reinfection cannot occur in producer or target cells; thus, this assay measures events that occur in one round of viral replication.
To ensure accurate measurement of virus infection and recombination, as described in ref. 24 , a large number of cells and infection events were scored in each experiment, and the numbers of cells positive for each marker were converted to moi values. Our results indicated that subtype B and C vectors had similar titers in each producer cell, as demonstrated by the HSA and Thy moi values (data not shown). We then compared the GFP moi and total infection moi within each experiment and found that 0.8% of the infection events resulted in the GFP ϩ phenotype (Table 1 and Fig. 2a) . By using the same target sequences and two subtype B-derived parental vectors, we previously observed that 7.0% of the infection events yielded the GFP ϩ phenotype (Fig. 2a) (24) . Therefore, in one round of virus B͞C indicates recombination between BT6 and CH0, and C͞C indicates recombination between CT6 and CH0. moi was calculated as described in ref. 28 replication, recombination between subtype B and C vectors occurred at a 9-fold reduced rate compared with the rate between the two subtype B vectors.
We envisioned two possible mechanisms to explain the cause of the low B͞C intersubtype recombination rate. The first possible mechanism is that subtype C virus recombines at a rate much lower than that of subtype B virus. Thus, the lower B͞C intersubtype recombination rate might simply reflects the average of the high subtype B rate and low subtype C rate. The second possible mechanism is that subtype C virus can recombine as efficiently as subtype B virus, but a restriction(s) exists between these two viruses to reduce the intersubtype recombination rates.
HIV-1 Subtype C Vectors Recombine at a Rate Similar to That of
Subtype B Vectors. The major difference between the two aforementioned mechanisms is the recombination rate of HIV-1 subtype C virus. To test these two possible mechanisms, we measured the recombination rate between two subtype C viruses. We generated pCT6, which is identical to pCH0 except that, like pBT6, the new vector encodes thy and the inactivating mutation in gfp 603 bp downstream of the start codon (Fig. 1a) . By using the protocol described above (Fig. 1b) , we generated producer cell lines that contain CH0 and CT6 vectors, harvested viruses from these cells, infected target cells, and measured the recombination rate. We found that 7.1% of the infection events generated the GFP ϩ phenotype (Table 1 and Fig. 2a) ; this rate is similar to that of subtype B virus (24) . Hence, these results indicate that subtype C virus recombines at a rate similar to that of subtype B virus, and the lower intersubtype B͞C recombination rate is caused by factor(s) that restricts B͞C intersubtype recombination.
Sequence Differences in the Packaging Signals Affect B͞C Intersubtype Recombination Rates. Detectable recombination occurs during reverse transcription of a virus containing two different viral RNAs. Because both subtype B and C vectors generate similar titers from a particular producer cell line and both recombine frequently, we hypothesized that subtype B and C RNAs are not copackaged efficiently, thereby reducing the production of heterozygous viruses and resulting in the lower intersubtype recombination rate. Because the packaging signal in the viral genome dictates the efficiency of viral RNA packaged by viral protein, the packaging signal is likely to play a role in restricting intersubtype recombination. The major RNA packaging signal in HIV-1 includes four stem-loop structures from downstream of primer binding site (PBS) to the 5Ј end of gag (30) (31) (32) . To examine the effect of the major packaging signal on B͞C intersubtype recombination, we generated a subtype B-based chimeric HIV-1 vector pBH0.Cp-3Cgag. This vector has the same viral sequences as pBH0 except that pBH0.Cp-3Cgag contains subtype C sequences from the PBS to the first 327 nt of gag, including MA and a part of CA (Fig. 1c) . By using the same recombination assay (Fig. 1b) , we measured the recombination rate between BH0.Cp-3Cgag and CT6 and found that 3.5% of the infection events resulted in the GFP ϩ phenotype (Fig. 2b) . This value was 4-fold higher than that of BT6 and CH0 (0.8%) (Fig. 2a) , indicating that replacing the major packaging signal of subtype B vector with that of subtype C vector significantly increased the observed recombination rate between subtype B and C vectors. Hence, the packaging signal plays a major role in the restriction of HIV-1 intersubtype recombination.
To further define the region responsible for restricting B͞C intersubtype recombination, we constructed two additional vectors that contained the same viral sequences as pBH0, except with the following differences: vector pBH0.Cp-3 contains subtype C sequences from the PBS to the AUG of gag, and pBH0.Cgag contains the first 327 nt of the subtype C gag from the gag AUG to part of CA (Fig. 1c) . We then measured the recombination rate between the subtype C vector CT6 and these two vectors in the aforementioned one-round recombination assay. We found that 3.9% of the infection events yielded the GFP ϩ phenotype by viruses harvested from BH0.Cp-3 and CT6 producer cells, whereas only 0.8% of the infection events generated the GFP ϩ phenotype by viruses harvested from BH0.Cgag and CT6 producer cells (Fig. 2b) . Therefore, sequences in the stem-loop structure of the 5Ј UTR, not the 5Ј gag region, affect the intersubtype recombination rates. To further delineate the sequence(s) affecting B͞C intersubtype recombination, we compared the sequence from the PBS to the AUG of gag in subtype B and C vectors (Fig. 3) . This region of the RNA is thought to form four stem-loop structures termed SL1-SL4; SL1-SL3 are located in the UTR, whereas SL4 is located at the 5Ј end of gag. Mutation analyses suggested that SL1-SL4 are all important for viral RNA packaging (32, 33) . Additionally, SL1 contains a palindrome at the loop region. This palindromic sequence was proposed to be used by the two copackaged RNAs to form base pairs and serve as a signal for RNA dimer initiation, hence the term DIS (34-36). The subtype B and C vectors that we used differ only in 11 nt in the region from PBS to the AUG of gag. Among the 11 nt, four mismatches are located between PBS and SL1, three mismatches are located at or adjacent to DIS, and the other four mismatches are located between SL2 and SL3. Because of the proposed function of the DIS region, we tested whether the sequence differences in the 3 nt within the DIS region affect the B͞C intersubtype recombination. We generated pBH0.Cdis (Fig. 1c) , which has the same viral sequences as pBH0 except that the 3-nt sequence in the DIS region was changed from subtype B to subtype C sequences (GCGCGCA to GTGCACT). We generated cell lines containing BH0.Cdis and CT6 and performed the recombination assay. We observed that 3.6% of the infection events yielded the GFP ϩ phenotype (Fig. 2c) . These results indicated that sequence identity in the DIS region is critical to the B͞C intersubtype recombination rate and that the 3-nt sequence difference is responsible for most, if not all, of the augmentation in the recombination rates when we altered the packaging signals.
By matching the 3-nt differences in the DIS region, we were able to significantly elevate the B͞C intersubtype recombination rate (4-fold). If the mismatched sequences in the DIS region placed a restriction on intersubtype recombination, then introducing mismatches into the DIS region of vectors from the same subtype should also reduce the recombination rate. To test this prediction, we generated virus-producing cell lines containing BH0.Cdis (Fig. 1c) and BT6 (Fig. 1a) ; these two vectors contain identical HIV-1-derived sequences except for the 3 nt in the DIS region. After the single round recombination assay, our results indicated that 1.7% of the infection events generated the GFP ϩ phenotype (Fig. 2c) . Compared with the recombination rate between BH0 and BT6 (Fig. 2a) (24) , the recombination rate decreased 4-fold when the 3 nt of the DIS region was changed to subtype C sequences. Therefore, our results indicate that DIS sequence mismatches alter HIV-1 recombination rates and serve as a major restriction in B͞C intersubtype recombination.
Distributions of GFP ؉ Cells in HSA ؉ or Thy ؉ Cell Populations Provide Insights to the Mechanism of the Restriction in B͞C Intersubtype
Recombination. In this study, we observed that the 3-nt mismatch in the DIS region can have a 4-fold impact on the recombination rate. We proposed two hypotheses to explain how the DIS mismatches affect recombination rates. The first hypothesis suggests that mismatches affect the formation of heterozygous virions, thereby reducing the number of observable recombination events. The second hypothesis suggests that the mismatches affect the overall ability of RT to switch between the two copackaged RNA genomes (intermolecular template switching). The location of the mismatch leads us to favor the first hypothesis, i.e., the heterozygous virion formation is affected. However, based on our data thus far, we could not rule out the second hypothesis. To directly test the second hypothesis, we examined the distribution of the GFP ϩ cells in HSA ϩ or Thy ϩ cell populations to estimate the intermolecular template switching frequency.
In our system, two viral vectors were used in each recombination assay: The first vector encodes hsa and gfp with mutations 15 nt downstream of the AUG; the second vector encodes thy and gfp with a mutation 603 nt downstream of the AUG (Fig. 1a) . In order for a progeny DNA to encode functional gfp, RT must copy the 5Ј end of the gfp in the thy-containing vector to avoid the inactivating gfp mutations in the hsa-containing vector (Fig. 4a) . If RT switches templates during copying of the internal ribosomal entry site (IRES) sequences, the resulting progeny could express HSA and GFP (Fig. 4a) . If RT does not switch templates during the copying of IRES, then the resulting progeny could express Thy and GFP. When using two subtype B vectors containing the same markers and mutations, we previously compared the ratio of GFP ϩ cells in the HSA ϩ or Thy ϩ cell population and found Ϸ2-to 3-fold more GFP ϩ cells in Thy ϩ than in HSA ϩ cell populations (24) . This distribution is consistent with the measured recombination rates (24) . Furthermore, if more distance was provided for RT to switch template by using other gfp mutations to generate a longer distance between the 5Ј mutation of gfp and hsa or thy, we observed an increased ratio of GFP ϩ in HSA ϩ cells compared with GFP ϩ in Thy ϩ cells (24) . Therefore, the distribution of GFP ϩ cells in HSA ϩ or Thy ϩ cell populations can be used as an indicator for intermolecular template switching.
Our analyses of the GFP ϩ cells in HSA ϩ or Thy ϩ cell populations are illustrated in Fig. 4b ; although the relative GFP ϩ cells fluctuated along with the observed recombination rates, all of the experimental groups had similar trends in terms of relative ratios of GFP ϩ in (CH0 and CT6) , the ratio of GFP ϩ in Thy ϩ cells was Ϸ2-to 3-fold higher than that of GFP ϩ in HSA ϩ cells; these values are also consistent with our previous observation with two subtype B vectors. In the recombination pair BH0.Cdis and BT6, the recombination rates were reduced 4-fold when the 3-nt mismatches were introduced. If the 3-nt mismatched sequence caused a 4-fold reduction in the overall intermolecular templateswitching frequency, then such reduction would be reflected during copying the IRES. Instead of observing 2-or 3-fold more GFP ϩ in Thy ϩ cells, we should then have observed 8-to 15-fold more GFP ϩ in Thy ϩ cells than GFP ϩ in HSA ϩ cells. However, our results indicated similar ratios of GFP ϩ cells in Thy ϩ or HSA ϩ cell populations in all experimental groups. Therefore, the distributions of the Thy and HSA markers do not support the hypothesis that the 3-nt mismatch in the DIS region causes a reduction in the overall intermolecular template-switching frequency. Taken together, our results strongly suggest that sequence differences in the DIS region affect the heterozygous virion formation, causing the reduced recombination rates.
Discussion
Genetic recombination reassorts the mutations generated by RT and increases variation in the HIV-1 population. We have previously shown that HIV-1 subtype B recombines very frequently and sequences separated by 1.3 kb segregate as unlinked markers in one round of viral replication (15) . In this study, we delineated the HIV-1 subtype C recombination rate with markers separated by 588 nt and observed that HIV-1 subtype B and C have similar recombination rates. The similarity of these two intrasubtype rates suggests that the high rate of recombination is a common feature among HIV-1 group M.
Although HIV-1 subtypes B and C can each recombine at a high rate, we observed that recombination between subtype B and C vectors was restricted and occurred at a much lower rate. The possible mechanisms and implications of the restriction for intersubtype recombination are discussed below.
Mechanisms and Implications of the Effect of Mismatched Sequences
in the DIS Region on HIV-1 Recombination. In this study, we have demonstrated that a 3-nt sequence difference in the DIS region of HIV-1 subtype B and C is responsible for most of the differences in the intersubtype and intrasubtype recombination rates. A 4-fold difference in recombination rate can occur depending on whether the DIS sequences are matched between different pairs of vectors. These results demonstrate that mismatched DIS sequences affect the ability of HIV-1 to exchange genetic information.
Currently, it is unclear whether one viral RNA dimer or two monomeric viral RNAs are packaged by HIV-1 proteins during virus assembly (33, 37) . Our data indicate that the mismatched sequences in the DIS region affected the formation of functional heterozygous virions and not the overall intermolecular templateswitching frequencies. These findings strongly support the hypothesis that one viral RNA dimer is packaged by the viral proteins. Under this hypothesis, it is likely that the mismatched sequences in the DIS region affect dimer formation of subtype B and C RNAs and reduce the total number of heterozygous virions, thereby lowering the observable recombination events. Although we favor the dimer-RNA-packaging hypothesis, we cannot rule out the alternative hypothesis that two copies of monomeric viral RNA are packaged. Under this hypothesis, heterozygous virions are formed at a frequency expected from random RNA copackaging; however, the mismatched sequences in the DIS region cause a dimerization defect in the virion and hamper recombination between these copackaged RNAs. We have explored the alternative hypothesis by examining RNA dimer stability. We reasoned that the dimer structures in a majority of the heterozygous virions would have to be affected to cause a 9-fold decrease in recombination rate. If the affected heterozygous virions contain monomeric RNAs or have a lower RNA dimer thermostability, we might have been able to detect these changes biochemically by using nondenaturing gel electrophoresis and hybridization analyses. Our preliminary results indicated that virion RNAs produced from cells infected with only subtype B vectors, only subtype C vectors, or both subtype B and subtype C vectors were similar to each other in our analyses (data not shown). We did not observe an increased amount of monomers or a significantly decreased thermostability of the dimers using virions generated from cells infected with both subtype B and C vectors. These data do not support the alternative hypothesis. To further study these two hypotheses, other experimental approaches are needed to characterize the effect of the mismatched sequences in the DIS region on virion RNA copackaging and heterozygous formation. Sequence mismatch in the dimer linkage signal of murine leukemia virus affects crossover in that region (38) ; it would be interesting to find out whether the overall recombination rate in murine leukemia virus is also altered by mismatch in dimer linkage signal.
Reduced Formation of Functional Heterozygous Virions Could Cause
High Negative Interference of HIV-1 Recombination. In our previous report, we demonstrated that the frequency of a double-crossover event is similar to the expected rate calculated from those of two single recombination events (24) . These results indicated that crossover events are not correlated. Another report (25) suggested that HIV-1 recombination may exhibit high negative interference, which is defined as multiple crossover events occurring more frequently than expected from the single crossover event rates. These two observations appeared to be contradictory at first glance. However, our conclusion that heterozygous virion formation is affected can easily explain both observations. Our data suggest that cells infected with a subtype B and a subtype C virus may generate fewer heterozygous virions than cells infected with two subtype B or two subtype C viruses; however, all of the viruses have the same overall intermolecular template switching frequency. If this scenario were true, then the observed recombination event (GFP ϩ ) would be reduced because of the lower numbers of B͞C heterozygous virions. However, because the overall intermolecular template switching frequency did not change, progeny generated from the heterozygous virion would have the same average number of crossover events. If we used the measured recombination rate (percentage of GFP ϩ ) to predict the number of crossover events in the recombinant, we would observe more crossover events than expected from the measured recombination rate, hence creating high negative interference in recombination. This idea is demonstrated in our analyses shown in Fig. 4b ; in all experimental groups, we observed similar ratios of GFP ϩ cells in HSA ϩ or Thy ϩ cell populations, suggesting similar frequencies of intermolecular template switching when copying the IRES. However, the frequency of GFP ϩ generation can be as different as 9-fold. Therefore, if we used the frequency of the GFP ϩ phenotype to predict the likelihood of an observable second crossover event, we would have concluded that HIV-1 recombination has high negative interference. Therefore, high negative interference of HIV-1 recombination can occur by means of inefficient formation of heterozygous virions and not by correlated crossover events.
Restrictions in Intersubtype Recombination and Their Implications in Subtype Evolution and the Generation of Circulating Intersubtype
Recombinants. In this report, we have identified a major restriction to intersubtype recombination: the sequence differences in DIS. Certain group M subtypes share the same DIS sequences; for example, B and D both have the GCGCGC sequence and A, C, F, G, H, and J have the GTGCAC sequence (37) . Subtypes containing different DIS are likely to encounter the intersubtype recombination restriction described in this report. It is unclear whether strains with matching DIS will have intersubtype recombination rates similar to the intrasubtype rates. It is possible that other undefined factors that can restrict HIV-1 recombination exist. Even in the B͞C system that we examined, other minor restrictions might exist. For example, changing sequences in the DIS region could restore most of the recombination rate but not to the same level as the intrasubtype recombination rate. Other differences between the subtype B and C genomes could account for the additional 2-fold difference in recombination rate. Additionally, our system does not measure the effects of sequence identity. Other approaches are needed to study such effects on intersubtype recombination.
It has been hypothesized that a single zoonosis event transmitted chimpanzee-derived simian immunodeficiency virus to the human population and generated what is now the M group HIV-1; founder effects and geographic separation subsequently played an important role in the derivations of the various subtypes (39) (40) (41) . There are regions in the world where multiple subtypes circulate in the human population (4, 42) ; although intersubtype recombinants have emerged in these regions, individual subtypes remain. Multiple factors probably affect the maintenance of the subtype and emergence of a recombinant strain, such as the compatibilities of various cis-and͞or transacting elements, and the replication fitness of the virus. However, knowing that major restriction(s) exist to curb intersubtype recombination, we speculate that these restrictions could also play a role in reducing the interactions of the various subtypes, thereby contributing to the maintenance of these subtypes.
Currently, there are at least 16 identified circulating recombinant forms in the human population. (Data on these recombinants are available at www.hiv.lanl.gov.) Of the circulating recombinant forms, two strains are B͞C recombinants identified in Southeast Asia and China (18, 19) . The circulating subtype B and subtype C strains in those geographic regions have sequence differences from the laboratory strains that we used in this assay. However, sequence analyses indicated that these field strains have the same DIS mismatches, suggesting that the major restriction we identified can be extended to the intersubtype recombination of these field strains. Despite the restriction(s) in intersubtype recombination, there are still many circulating recombinant forms being generated. It is important to note that HIV-1 recombines at an exceedingly high rate. Although we have demonstrated that intersubtype recombination occurs at a lower rate than intrasubtype recombination, we emphasize that the ''lower'' rate is at the same range as the recombination rate measured in gammaretroviruses, such as murine leukemia virus or spleen necrosis virus (20, 43) . Therefore, even with this reduction, multiple intersubtype recombinant forms of HIV-1 can still be generated and circulate in the human population.
In this report, we demonstrated that HIV-1 subtype C, similar to subtype B, recombines frequently. Anti-HIV-1 treatment regimens are now being launched in many parts of the world where HIV-1 subtype C is prevalent or multiple subtypes are circulating. The genetic power of the virus should be considered when designing treatment regimens. Defining the major restriction in intersubtype recombination allowed us to understand the limits and molecular mechanisms of HIV-1 recombination. Through these studies, we hope to develop strategies to curb HIV-1 evolution and facilitate the treatment of this pathogen.
